Introduction
Iron is an essential metal required by most living organisms. Because iron is only slightly soluble under physiological pH and ionic conditions, organisms have been compelled to evolve iron-binding proteins to facilitate its transport and storage. In vertebrates, transferrin (TF), a major plasma protein of biological interest, plays a significant physiological role in the transport of iron among the sites of absorption, storage, and utilization. TF also plays an important role in bacteriostasis, cell proliferation, and heme synthesis in reticulocytes (Morgan 1983; Ponka and Schulman 1985) .
The synthesis and storage of TF are regulated by levels of iron and estrogen and by nutritional status (Morgan 1983) . TF transports ferric iron into cells by receptormediated endocytosis, a unique process by which TF and its receptor are reutilized repeatedly for iron delivery. In humans, the serum TF concentration decreases during iron overload and increases during chronic iron deficiency. TF is primarily synthesized in the liver, but significant amounts are also produced in the brain, testis, and lactating mammary gland, and in some fetal tissues during development. The TF gene was previously cloned, characterized, and mapped to human chromosome 3, within the region of 3q21-25 (Yang et al. 1984) .
Atransferrinemia (Familial hypotransferrinemia, MIM 209300) is a very rare human disorder. Only nine patients in eight families have been reported since 1961 (Heilmeyer et al. 1961; Cáp et al. 1968; Sakata 1969; Walbaum 1971; Goya et al. 1972; Loperena et al. 1974; Hamil et al. 1991; Beutler E et al. 2000) . We previously analyzed the TF protein of the patient reported by Goya et al. (1972) and his family, and concluded that the patient and his two healthy siblings were compound heterozygotes with a paternal "variant" allele and a maternal "null" allele (Hayashi et al. 1993) .
In the present study, to determine the molecular basis of his atransterrinemia, we analyzed the nucleotide sequence of the entire coding region of the TF gene of this patient and his family. As a result, we found a missense mutation com-mon to the patient and his father at codon 394 of the TF gene.
Subjects and methods

Subjects
The proband was originally reported as having congenital atransferrinemeia (Goya et al. 1972) . Only a trace of transferrin was detected in his plasma by a turbidimetric immunoassay (Ritchie 1975; Hayashi et al. 1993) . Supplementary therapy with apo-TF alleviated the anemia. An isoelectric focusing analysis revealed a shifted TF variant, which was detected in all three siblings as well as in their father.
DNA preparation
With informed consent, peripheral blood from the patient and his parents and umbilical cord blood of the proband's niece, a daughter of the patient's sister, were collected. Blood samples were also obtained from 100 normal Japanese volunteers. Genomic DNA was thereafter prepared from leukocytes by using a standard method.
Amplification of the TF gene using polymerase chain reaction and long accurate polymerase chain reaction analyses Genomic DNA fragments spanning one or two exons of the TF gene were amplified by polymerase chain reaction (PCR) and then subjected to a sequence analysis. PCR was performed by using 100 ng genomic DNA, the primers, 0.2 mM of each dNTP, 0.5 U Taq DNA polymerase (Wako, Osaka, Japan) in the presence of 10 mM Tris HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , and 0.1% Triton X-100 to a final volume of 10 µl for 30 cycles as follows: 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C. In some analyses, long accurate (LA)-PCR was performed by using 500 ng genomic DNA, the primers, a dNTP mixture at 0.4 mM each, 0.5 U LATaq DNA polymerase (Takara, Tokyo, Japan) in the presence of 10 ϫ LA-PCR buffer to a final volume of 50 µl for 1 min at 94°C, 14 cycles of 20 s at 98°C followed by 20 min at 68°C, and then 16 cycles as follows: 20 s at 98°C, 20 min and 15 s at 68°C, and 10 min at 72°C. Some PCR products were purified and inserted into the plasmid vector pGEM-T (Promega, Madison, WI, USA).
PCR primers
Oligonucleotide primers were synthesized based on the nucleotide sequence of the TF gene. The primers used for amplification of each of the exons are shown in Table 1 .
DNA sequence analysis
The exonic regions of the TF gene from the proband and his parents containing a variant sequence were subjected to a direct sequencing analysis by using Sequenase version 2.0 (United States Biochemical, Cleveland, OH, USA), [α- 32 P] deoxy cytosine triphosphate (dCTP), and a Sequencing PRO (Toyobo, Osaka, Japan) sequencing kit. Some PCR fragments were inserted into a pGEM-T vector, and multiple independent subclones were sequenced. The samples were run for 1.5-3.0 h in a 6% polyacrylamide denaturing gel in 0.5 ϫ TBE (Tris borate ϩ ethylenediaminetetraacetate) buffer, pH 8.0, and processed by using BAS 1000 (Fuji Film, Tokyo, Japan).
PCR-restriction fragment length polymorphism analysis
The patient and his father were characterized with respect to the mutated genotype of the TF gene. MboII digestion of the PCR product amplified by using primers TFL93 (5Ј-AGAGGCTCAAGTGTGATGAGTGGAGTGTTA-3Ј) and TF 92i (5Ј-GACGCTGCCCTAGGAAGGCTG-3Ј) was performed to detect the Glu375-to-Lys mutation in the variant allele. An identified mutation of the proband located at an MboII site was tested for by using restriction fragment length polymorphism (RFLP) in the proband's family and in healthy control individuals.
Prediction of the secondary structure of the TF protein Secondary structure prediction was performed by the method of Chou and Fasman (1978) by using DNAsis version 3.6.1 (Hitachi Software Engineering, Yokohama, Japan).
Results
We could not analyze the TF cDNA of the patient, because it is practically impossible to obtain RNA samples from the tissues where TF is expressed, such as liver and brain. Therefore, we amplified genomic DNA fragments by using PCR, covering the entire protein-coding region and the exon-intron boundaries, to examine the TF gene of the patient with hypotransferrinemia. Some PCR fragments were subjected to direct sequencing, while others were inserted into a plasmid vector and multiple independent plasmid clones were sequenced. We also analyzed the TF gene of the patient's parents. The nucleotide sequences of the TF genes of the patient and his parents were compared with two previously reported cDNA sequences (Table 2) (Yang et al. 1984; Park et al. 1985; Schaeffer et al. 1987) .
For codon 247 in exon 7, encoding amino acid residue 228 of the mature TF protein, two different sequences, CTA (Yang et al. 1984) and CTG (Park et al. 1985) , have been previously reported. The patient's father was homozygous for CTG. On the other hand, the patient and his mother were heterozygous for CTG and TTG. The nucleotide polymorphism does not cause variation in the amino acid; CTA, CTG, and TTG all encode leucine. Codon 326 (amino acid residue 307) in exon 8 was found to be CCA, encoding proline, by both Yang et al. (1984) and Park et al. (1985) . The patient and his parents were homozygous for CCC. The substitution of CCA to CCC is also synonymous.
In both of the previously reported sequences, codon 394 (amino acid residue 375) in exon 9 was GAA, encoding glutamate. Among the family members analyzed, the mother was also homozygous for GAA. On the other hand, the patient and his father were heterozygous for GAA and AAA. Figure 1 shows the results of the sequencing analysis of the paternal allele of the patient's TF gene around codon 394. These results indicate that the patient inherited the TF allele with AAA at codon 394 from his father. The substitution GAA to AAA causes a non-conservative amino acid change, glutamate to lysine. We examined a genomic DNA 
Amino acids encoded by codons are shown in parentheses The initiation codon was defined as codon one a cDNA sequence reported by Yang et al. 1984 b cDNA sequence reported by Park et al. 1985 sample of the patient's niece, his sister's daughter, and found that she was also heterozygous for GAA and AAA.
To investigate whether the TF gene with AAA at codon 394 was distributed among the normal population, we examined DNA samples of healthy Japanese individuals by using a PCR-RFLP analysis. Since the sequence GAA at codon 394 lies in an MboII site, GAAGA, a genomic region containing a mutated codon AAA at that site is detectable by inspecting the MboII digested pattern. We amplified a 127-bp genomic DNA fragment including codon 394 of the TF gene. In contrast to the normal GAA sequence at codon 394 giving rise to two MboII fragments 84 bp and 43 bp long, the mutated codon AAA gave a single undigested fragment. The results of the digested amplified DNA of the patient and his family are shown in Fig. 2 . Consistent with the results of the sequencing analysis, the patient, his father, and his niece showed a heterozygotic RFLP pattern. The mother and two healthy controls showed a mono-or homozygotic normal pattern. Genomic DNA samples from 100 unrelated healthy Japanese individuals were examined, and all were homozygous for GAA at codon 394. Therefore, the TF gene with AAA at codon 394 is unique to the allele that the patient inherited from his father.
To assess whether the amino acid substitution, from glutamate to lysine at amino acid residue 375, affects the structure of the TF protein, we predicted the secondary structure of the normal and mutant TF proteins by using the method reported by Chou and Fasman (1978) . The mutant TF with lysine at amino acid residue 375 was predicted to have an additional turn structure in a coiled region of the carboxyl-terminal iron-binding lobe.
Discussion
Our previous isoelectric focusing analysis of serum samples of the proband and his family suggested that the proband carried heterozgotic TF alleles. The paternal allele expressed abnormal TF with a more basic isoelectric focusing point than that of normal TF, and the maternal allel expressed no TF (Hayashi et al. 1993) . The results of the DNA sequence analysis of the present study are consistent with the results of the previous protein analysis. The GAA to AAA transition at codon 394 observed in the paternal allele of the TF gene is compatible with the abnormally basic isoelectric point of the mutant TF protein. The nucleotide substitution changes amino acid residue 375 from an acidic amino acid, glutamate (pK ϭ 4.3), to a basic amino acid, lysine (pK ϭ 10.5). The TF protein is composed of two lobes, each of which binds to one iron atom (Gorinsky et al. 1979) . The change in amino acid residue 375 is predicted to make an additional turn structure in the carboxyl-terminal lobe. Although amino acid residue 375 is not located at any of the six positions directly involved in iron binding (Baker et al. 1992) , the amino acid substitution in this patient may affect the iron-binding capacity or stability of this protein.
No mutation in the maternal null TF gene was found in the entire protein coding region or the exon-intron boundaries. An abnormality in the transcription or stability of its mRNA might be the cause of the absence of the the maternal allele-derived TF protein. One possibility is that the seemingly silent substitution CTA/G to TTG at codon 247 affects the stability of its mRNA.
Recently, Beutler et al. (2000) reported the analysis of another patient with hereditary atransferrinemia. That patient was also a compound heterozygote: a maternal mutant allele carried a frameshift mutation resulting in a truncated TF protein, and a paternal mutant allele encoded mutated TF with a substitution of alanine at amino acid 477 to proline.
To directly prove that the mutations found in the patient in our study and that in the study by Beutler et al. (2000) were indeed the cause of the clinical abnormalities, a functional analysis with a recombinant mutant TF protein is called for.
